In the present work, we investigate theoretically, the structure and electronic properties of inclusion complex of cucurbit [7]uril(Q[7]) with Albendazole (ABZ) using DFT calculations. Two modes of complexation were taken into consideration and the effect of solvent is explicitly taken into account. The results obtained with B3LYP/6-31G (d) method clearly indicate that the complexes formed are energetically favored with or without solvent. C1 complex (Albendazole entering the cavity of Q [7] by propyl and aromatic groups) is found more favored than C2 complex (Albendazole entering the cavity of Q [7] by carbamate group). 1 H nuclear magnetic resonance (NMR) was calculated by the Gauge-Including Atomic Orbital method and compared with available experimental data. Finally, TD-DFT calculations of visible spectra were analyzed and discussed. The theoretical calculation agrees well with that obtained from experimental data.
Introduction
Albendazole (ABZ) (Fig. 1a) which is chemically known as methyl [5- (propylthio)-1H-benzoimidazol-2-yl]carbamate has potent antiproliferative activity, and its clinical application as an anti-cancer agent is limited by its low aqueous solubility [1] [2] [3] [4] [5] [6] [7] . In order to increase the solubility of Albendazole and to use it in complex form, Na'il Saleh et al. [8] have prepared and characterized the encapsulation of ABZ in Q [7] by NMR and FT-IR techniques. The results indicate that the ABZ molecule is partially entrapped in the Q [7] cavity. However, the results obtained from 1 H NMR spectroscopy are not enough to describe the nature of intermolecular binding. So to complement these results, theoretical studies based on the density functional theory must be carried out to give a definitive geometry to the inclusion complex. Cucurbit[n]uril (CB[n], n = 5, 6, 7, 8) is a relatively new family of macrocyclic host molecules. They are rigid macrocycles with unique cavities rimmed by carbonyl oxygens [8] [9] [10] . The use of cucurbit [n] urils (Q) macrocycles [11] [12] [13] in drug developments has attracted attention over the recent years [14, 15] due to their distinct properties when compared to other classes of delivery vehicles such as dendimers, nanoparticles, or carbon nanotubes. Out of Q[n]s (n = 5, 6, 7 and 8). The Q [7] (Fig. 1b) host has been of particular interest in recent years because of its superior solubility in aqueous solution compared to other Q[n] members and its remarkable ability to form host-guest complexes [16] . Additionally, Q [7] is characteristic of low toxicity, high chemical and thermal stability [17] . There are many reports available in open literature exploring Q [7] as a successful host molecule [18, 19] . Q [7] forms 1:1 complex with large number of guest molecules with very high association equilibrium in aqueous solution [16] .
In this paper, we have investigated the inclusion processes of ABZ into Q [7] cavity using a B3LYP/6-31G(d) level of theory with the aim to give some insights about the geometry, electronic properties and the driving forces governing the formation of the inclusion complex.
Methodology
The quantum mechanical calculations were carried out at the density functional theory incorporating the Beck's three-parameter [20] exchange coupled with Lee et al.'s (B3LYP) correlation functional [21] which were obtained employing Gaussian 09 program [22] .
The hybrid functional B3LYP has shown to be highly successful for calculation the electronic properties such as ionization potentials, electronic states and energy gaps [20] [21] [22] . The structures of ABZ and Q [7] were constructed using Hyperchem 7.5 molecular modeling package [23] . The penetration of ABZ in the cavity of the Q [7] can be done according two models. The model in which ABZ entering into the cavity of the Q [7] by propyl and aromatic groups was called the "C1 complex", the other in which ABZ entering into the cavity of the Q [7] by carbamate group was called the "C2 complex" (Fig. 2) .
For the DFT calculations, no constraints were imposed on the whole system, especially no parameters were fixed. So the ABZ molecule was free to move in the cavity of the Q [7] during the whole optimization process. Therefore, conformational changes of the host as well as of the guest molecule were explicitly allowed. The complexation energy (ΔE) between ABZ and Q [7] was calculated for the minimum energy structure according to the following:
where E complex , E Q [7] , and E free ABZ represent respectively the total energy of the complex, the free optimized Q [7] , and the free optimized ABZ energy. The deformation energy of the guest or the host molecule can be obtained by Eqs. (2) and (3):
where E deformation (Guest) stands for the deformation energy of the guest, E[Guest] sp opt is the single point energy of the guest using its geometry in the optimized complex, and E[Guest] opt is the energy of the optimized geometry of the guest.
where E deformation (Host) stands for the deformation energy of the guest, E[Host] sp opt is the single point energy of the guest using its geometry in the optimized complex, and E[Host] opt is the energy of the optimized geometry of the guest. It is important to know the effect of water molecules on the stability of the ABZ/Q7 complex, so the geometries obtained by DFT calculations in vacuum of the complexes were optimized in water. We represented the solvent implicitly by calculation polarized continuum model (CPCM) [24] . B3LYP calculations using the 6-31G(d) basis set was generally consistent with the experiments and provide valuable data to complement the experimental work, while the agreement with experiment also increases our confidence in the computational results. Fig. 1 . Geometrical structures of ABZ (a) and Q [7] (b) optimized at B3LYP/6-31G(d) method. Atomic numbering of ABZ and Q [7] . Fig. 2 . The proposed structures of CBZ/Q [7] complex for C1 and C2 complexes. [7] , ABZ and their inclusion complex. The optimized molecular geometries was performed with the Gauge-Independent Atomic Orbital (GIAO) method and the B3LYP/ 6-31G(d) model chemistry. At last, the calculations of maximum visible absorption of the studied complexes were performed by the TD-DFT method.
Results and discussions

Conformational search
Before the creation of the inclusion complex, we have made a conformational search in order to find the global minimum of ABZ, the level with the B3LYP/6-31G(d) basis set was used to derive all theoretically possible conformer forms of the molecule. Six dihedral angles are taken into account, as follows: θ1 To find a more stable structure for each angle, the energy calculation by scanning θ from 0°to 360°at 30°intervals was carried out. As shown in the supplementary figure, several stable energy conformers for ABZ were identified. The most stable conformer was obtained at 180°for dihedral angle θ2 (Fig. 3) . Then, the lowest-energy structure found in the conformational searches was used as the starting structure to create Q [7] inclusion complexes. Tables 1 and 2 summarize complexation energies, DEF, dipole moment (D), HOMO, LUMO, Δ(HOMO − LUMO), chemical potential (μ), electronegativity (χ), softness (S), hardness (η) and electrophilicity (ω) of the ABZ, Q [7] and inclusion complexes in vacuum and in water. From Tables 1 and 2 , it can be seen that the negative complexation energy for the inclusion complexes indicate that the encapsulation processes in vacuum and in water are thermodynamically favorable in nature. The difference in complexation energy for the inclusion complexes in vacuum of ABZ with Q [7] between the two complexes C1 and C2 corresponds to − 0.59 kcal/mol (Table 1) . When the complexes take place in aqueous solution (Table 2) ; the complexation energies were found equal to −18.54 kcal/mol for C1 complex and to − 18.64 kcal/mol for C2 complex; corresponding to a difference between the two complexes equal to 0.1 kcal/mol. The results of calculations listed in Table 2 confirm those obtained in vacuum ( Table 1) . The C2 complex in water is indeed significantly more favorable than the other complexes. These results agree with the experimental observations [8] . In addition, upon complexation, a remarkable distortion of the ABZ and the Q [7] molecules were detected. The results indicated that the deformation energy of the ABZ molecule in vacuum and in water is higher than that of Q [7] in C1 and C2 complexes. In water, the Q [7] molecule in C2 complex requires more energy than in the C1 complex. In contrast, ABZ molecule in C1 complex requires slightly more energy than for C2 complex in order to adapt its structure to bind within the cavity of Q [7] . From Tables 1 and 2 , we noticed that all the inclusion complexes in vacuum and in water showed dipole moment values higher than the corresponding isolated molecules. The augmentation of the polarity of the Q [7] indicates the formation of complexes. From these results it can be concluded that the dipole moment values show a strong correlation with the complexation behavior of the molecules.
Energies
Geometric parameters
The B3LYP/6-31G(d) optimized geometries of ABZ/Q [7] inclusion complexes in water are presented in Fig. 4 . The structural analysis of C2 complex show the presence of one hydrogen bonds formed between hydrogen atom H (153) of ABZ and oxygen atom O (1) of Q [7] with a distance of 2.3 Å (see Fig. 4b ). In the case of C1 complex no H-bond was found, this explains why the complexation energy of the inclusion in the C2 complex is lower than that of the C1 complex (see Fig. 4a ). Upon examining the optimized geometries of C1 and C2 complexes in water, we notice that the ABZ molecule is inserted partially into the cavity of Q [7] . In C2 complex, the carbamate group is located outside of the Q [7] portal, whereas the propyl and aromatic groups are located within the Q [7] cavity. In C1 complex the carbamate methyl is located inside of the Q [7] cavity. The proposed inclusion complex with Albendazole for C2 complex in water in agreement with the experimental observations [8] .
The structural parameters of the host molecule before and after complexation obtained from the B3LYP/6-31G(d) calculations in water are summarized in Table 3 and Fig. 5 . Upon complexation, a remarkable distortion of the Q [7] molecule was detected. This one was confirmed by comparing the variation of the mean distances between the nitrogen, carbon and oxygen atoms. As can be seen in Table 3 the distances are changed after inclusion of ABZ into Q [7] cavity. The N 15 -N 22 distance is increased after complexation with ABZ, the difference is 0.1 Å for C1 and C2 complexes. In the case of C 63 -C 48 distance, the initial value is of 10.5 Å after inclusion it become 10.2 Å for C1 complex and 10.1 Å for C2 complex. For C 44 -C 59 distance become longer after interaction with ABZ the difference is about 0.1 Å for C1 complex and about 0.3 for C2 complex. Also for O 7 -O 3 distance (8.5 Å), after inclusion it become 8.2 Å and 7.8 Å for C1 and C2 complexes respectively. The geometrical changes of Q [7] before and after guest inclusion are shown in Fig. 5a -c. The round cavity (Fig. 5a ) of Q [7] turns into a deformed shaped cavity (Fig. 5b, c) . It is interesting to note A great deformation of Q [7] in C2 complex when compared to in C1 complex. This indicates that Q [7] in C2 complex adopts a specific conformation to form stable inclusion complex with ABZ. This result is confirmed by the deformation energy (see Tables 1 and 2) . From these results we conclude, that the nitrogen, carbon and oxygen atoms play a significant role in binding the ABZ.
Electronic and charge properties
The results of the HOMO and LUMO energies of the isolated host, guest and their complexes are summarized in Tables 1 and 2 . The LUMO as an electron acceptor represents the ability to obtain an electron and HOMO represents the ability to donate electron. The most important terms in this kind of interaction are contributed from the partial charge transfer between the HOMO of one component and the LUMO of another. The (E HOMO − E LUMO ) gap is an important scale of stability [25] and chemicals with large (E HOMO − E LUMO ) values tend to have higher stability. The Δ (E HOMO − E LUMO ) of the C2 complex (in vacuum and in water) was higher than that of C1 complex. Fig. 6 illustrates the HOMO and LUMO energy orbital pictures of C1 and C2 complexes in water. These results indicate that the HOMO orbital is localized on the benzimidazole ring and propylthio group of ABZ and the LUMO orbital is observed on the Q [7] .
The global indices of reactivity are presented in Tables 1 and 2 . The value of electronic chemical potential μ, electronegativity χ, softness S, hardness η and electrophilicity ω for complexes is differing from the individual host and guest molecules. (i) The chemical potential of all the inclusion complexes are negative which indicates that all the inclusion process are spontaneous. (ii) The global hardness (η) of the C1 and C2 complexes decreased after the ABZ penetrate into the cavity of the Q [7] . (iii) Softness of the C2 complex in vacuum and in water is higher than that of the C1 complex. (iv) ω is an important index of electrophilicity and large values are characteristics of most electrophilic systems. Based on this reasoning, we can conclude, from the results, that the C2 complex in water is qualified as the most electrophilic. On the other hand, the charge transfer interactions play a relevant role in the stabilization of the inclusion complexes. The calculated of the NBO charges of the heavy atoms for the free ABZ, charge transfer of C1 and C2 complexes are summarized in Table 4 . As it could be observed in Table 4 , that the partial charge of the atoms of ABZ was significantly changed during the complexation. Charge distribution reveals that the charges of some atoms C128, N133, N136 and C145 of the ABZ in C1 and C2 complexes are more negative than those in isolated form; while others atoms such C144, is more positive than those in the isolated ABZ. In C137, C131 and C132 charges of the atoms of ABZ were decreased after complexation. This means that when the guest molecule interacts with Q [7] , its charge distribution changes.
NBO analysis
The natural bonding orbital (NBO) analysis was applied for investigating the hydrogen bond (donor-acceptor interactions) in the complexes of ABZ with Q [7] . Table 5 shows some of the significant donoracceptor interactions and their stabilization energies E (2) . The interaction energies of these contacts are in the range of 0.56-1.26 kcal/mol in C1 complex and 0.54-2.01 kcal/mol in C2 complex. The obtained stabilization energies E (2) from B3LYP/6-31G(d) were 3.2 and 3.9 kcal/mol for C1 and C2 complexes respectively. Thus, the encapsulation of ABZ with Q [7] for C1 (3.2 Kcal/mol) complex is less demanding in energy than C2 (3.9 Kcal/mol) one. The structures of the energy minimum obtained with B3LYP/31G(d) calculations show the presence of several intermolecular hydrogen bond interactions as shown in Fig. 7 . In C1 complex, when ABZ plays the role of acceptor, the important interaction is observed between LP(O12) and σ* C 127-H 151 (1.26 kcal/mol, 2.5 Å). For C2 complex, the greater interaction is formed between LP(O1) and σ* C130-H153 (2.01 kcal/mol, 2.3 Å). In addition, the implicated orbitals in donor acceptor interaction of ABZ in C2 complex are mainly of benzimidazole ring. The intermolecular distances between occupied and unoccupied orbital's given in NBO analysis of the two molecules are as follows: (i) O1 -H 153: 2.3 Å; (ii) O2 -H 156: 2.7 Å; (iii) O5 -H 151: 2.5 Å and (iv) O14 -H 150: 2.5 Å. Thus, the benzimidazole ring is closed to internal behavior of CB [7] , which explains the upfield shifts for the ABZ propyl and benzimidazole resonances observed experimentally [8] . The encapsulation of benzimidazole ring into CB [7] cavity is found theoretically for carbendazim/CB [7] inclusion complex by B3LYP/631G and HF/6-31G calculations [18] .
GIAO/DFT calculation
The Gauge-Including Atomic Orbital (GIAO) method as implemented in Gaussian 09 was employed for 1 H NMR calculations and by employing the density functional theory B3LYP at 6-31G* basis set with using corresponding TMS shielding calculated at the same theoretical level as the reference. The solvent effects have been investigated using the CPCM method for water as a solvent (ε = 78.35) [26] . 1 H NMR calculations of isolated ABZ and C2 complex in water are presented in Table 6 . NMR chemical shifts (δ) are calculated by subtracting the nuclear magnetic shielding tensors of protons in molecules of interest from those in teramethyl silane, TMS (as a reference), using the gauge invariant atomic orbital method. Inclusion of ABZ in Q [7] cavity is put in evidence by the change in chemical shifts of some of the guest protons, in comparison with the chemical shifts of the same protons in the free component. In Table 6 , we reported and compared the values of NMR chemical shifts (δ) computed with B3LYP/6-31G* method to those obtained from experimental data. As can be seen from [7] . According to the theoretical data from the Gauge-Including Atomic Orbital (GIAO) method and the experimental data from 1 H NMR we can conclude that Q [7] forms an inclusion complex with ABZ, where only the carbamate methyl is located outside of the Q [7] portal, whereas the propyl and aromatic groups are located within the Q7 cavity. Fig. 7 . The hydrogen bonds in C1 and C2 complexes in water. 
UV-vis spectra
To investigate the nature of electronic transitions, the electronic spectra of the studied complexes were calculated using the timedependent density functional theory (TD-DFT) approach at the B3LYP/ 6-31G(d) level on the basis of fully optimized ground-state structure. Calculations are performed in water at CPCM model [27] . All computational predictions of the UV-vis spectra are summarized in Fig. 8 and Table 7 . For C1 complex, the absorption bands are observed at 249 nm, 255 nm and 270 nm. The absorption band at 249 nm having oscillator strength of 0.305. In this excitation, the H-2 → L (4.21%) and H → L (86.38%) configurations are responsible for this absorption. The band at 255 nm has oscillator strength of 0.001 and vertical excitation energy equal to 4.896 eV. For the third band at 270 nm the vertical excitation energy equal to 5.055 eV. For C2 complex, the absorption bands are observed at 240 nm, 258 nm and 280 nm. The absorption band at 280 nm having oscillator strength of 0.120 and vertical excitation energy equal to 5.084. H-2 → L (82.25%), H-1 → L + 1 (2.41%), H → L (5.19%) and H → L + 1 (3.59%) configurations can be responsible for this absorption.
Conclusion
The complexation of Albendazole with cucurbit [7] uril was studied by density functional B3LYP/6-31G(d) calculations. Structure, electronic properties, NBO, 1 H NMR and UV-vis were analyzed. The result suggests that the complexation energy of the C2 complex in water is significantly more favorable than the others. Upon complexation, a remarkable distortion of the Q [7] molecule was detected. NBO analysis show that the hydrogen bonding between the portal oxygen atom of Q [7] and the hydrogen atom of ABZ are the major factors contributing to the stabilities of the complexes. The theoretical calculation agrees well with that obtained from experimental data.
